We continue the investigation of the physics implications of a class of flat directions for a prototype quasi-realistic free fermionic string model (CHL5), building upon the results of the previous paper in which the complete mass spectrum and effective trilinear couplings of the observable sector were calculated to all orders in the superpotential. We introduce soft supersymmetry breaking mass parameters into the model, and investigate the gauge symmetry breaking patterns and the renormalization group analysis for two representative flat directions, which leave an additional U (1) ′ as well as the SM gauge group unbroken at the string scale. We study symmetry breaking patterns that lead to a phenomenologically acceptable Z − Z ′ hierarchy, M Z ′ ∼ O(1 TeV) and 10 12 GeV for electroweak and intermediate scale U (1) ′ symmetry breaking, respectively, and the associated mass spectra after electroweak symmetry breaking. The fermion mass spectrum exhibits unrealistic features, including massless exotic fermions, but has an interesting d-quark hierarchy and associated CKM matrix in one case. There are (some) noncanonical effective µ terms, which lead to a non-minimal Higgs sector with more than two Higgs doublets involved in the symmetry breaking, and a rich structure of Higgs particles, charginos, and neutralinos, some of which, however, are massless or ultralight. In the electroweak scale cases the scale of * Present
supersymmetry breaking is set by the Z ′ mass, with the sparticle masses in the several TeV range.
I. INTRODUCTION
In recent work [1] [2] [3] , techniques have been developed which set the stage for the "topdown" analysis of a class of quasi-realistic string models. Models in this class have N = 1 supersymmetry, the SM gauge group as a part of the gauge structure, and candidate fields for the three generations of quarks and leptons as well as two electroweak Higgs doublets. Such quasi-realistic models have been constructed in weakly coupled heterotic superstring theory in a variety of constructions [4] [5] [6] [7] [8] [9] ; in particular, we consider a class of free fermionic models [6] [7] [8] [9] .
In general, these quasi-realistic free fermionic models have an extended gauge group (including a non-Abelian "hidden" sector gauge group and a number of additional U(1)'s), and a large number of fields in addition to the MSSM fields, which include a number of non-Abelian singlets, fields which transform under the hidden sector gauge group, and SM exotics. These models also have the important property that the superpotential is calculable, in principle to all orders in the nonrenormalizable terms. The trilinear terms in the superpotential have large Yukawa couplings of O(g), where g is the gauge coupling at the string scale. In contrast to general field-theoretic models, additional string (worldsheet) symmetries can forbid terms allowed by gauge invariance
1 . These models generically possess an "anomalous" U(1) at the level of the effective theory. The presence of the anomalous U(1) leads to the generation of a Fayet-Iliopoulos (FI) term at genus one; this term triggers scalar fields to acquire string-scale VEV's along D and F flat directions, leading to a "restabilization" of the string vacuum. Thus, as the necessary first step in the analysis, we developed techniques [1] to classify the D flat directions which can be proven to be F flat to all orders of a general perturbative heterotic superstring model with an anomalous U(1). For the sake of simplicity, we chose to consider flat directions formed of non-Abelian singlets only, and selected the singlet fields with zero hypercharge to preserve the SM gauge group. We applied our method to a prototype string model, Model 5 of [9] (CHL5), in [1] , and more recently to a number of free fermionic string models in [2] . The next step in the analysis of this class of models is to analyze the effective theory along such flat directions. In general, the rank of the gauge group is reduced, and effective couplings are induced by the coupling of the fields in the flat direction to the rest of the fields in the model. The effective mass terms generated in this way will give some of the fields superheavy masses, so that they decouple from the theory at the string scale. In addition to the trilinear couplings of the original superpotential, effective trilinear terms are generated from higher-dimensional terms for the remaining light fields; such couplings can have important implications for the phenomenology of the model 2 .
In a recent work [3] we studied in detail the physics implications of the effective theory after vacuum restabilization for a prototype model: Model 5 of [9] (CHL5). The mass spectrum and the effective trilinear terms (in the observable sector) were calculated exactly at the string tree level and to all orders in the vacuum expectation value of the fields in the flat directions for all of the flat directions classified in [1] . However, we presented the detailed analysis for two representative flat directions, which encompass the general features of this class of flat directions. These two flat directions are part of a subset of flat directions of the model which break the maximal number of U(1)'s, leaving an additional non-anomalous U (1) ′ as well as the SM gauge group unbroken at the string scale (as well as the hidden sector gauge groups). Importantly, the string worldsheet symmetries forbid many of the gauge-allowed terms in the effective theory, which has a number of implications for the phenomenology of the model.
The calculation of the mass spectrum revealed that along with the MSSM fields, there remain a large number of massless exotic superfields at the string scale, due to the absence of the corresponding effective mass terms in the superpotential. These fields include additional electroweak doublets and electrically charged singlets, leading to a larger number of fields in the observable sector in this model than in the MSSM.
While the scalar fields can acquire masses from the supersymmetry breaking, their fermionic superpartners can remain light compared with the electroweak scale. We also found that many of the massless exotic fields do not couple directly to the observable sector fields at the order of the effective trilinear superpotential, such that they do not participate in the radiative electroweak and U (1) ′ gauge symmetry breaking. Therefore, there is no mechanism for these exotic fields to acquire masses. The additional massless particle content has an impact on gauge coupling unification, and renders the hidden sector gauge groups nonasymptotically free (such that there is no possibility of dynamical supersymmetry breaking in this sector due to strong coupling dynamics).
The presence of massless exotics seems to be generic and thus it is a serious obstacle for deriving phenomenologically acceptable physics from these models. Nevertheless, they have enough realistic features that it is worthwhile to study in detail the implications of the effective trilinear terms of the superpotential. These terms have a number of concrete implications for the observable sector physics. In particular, the effective third order superpotential does not have a canonical µ term (involving the standard electroweak Higgs doublets) in either example, but instead non-canonical µ terms involving some of the additional Higgs doublets. Such non-canonical terms suffice for the electroweak symmetry breaking. However, in these examples, there are not enough such terms to involve all of the Higgs doublets, resulting in massless charginos, neutralinos and an unwanted global U(1). We found that when imposing the requirement that there are three lepton doublets in the model, R-parity is not conserved due to the presence of L-violating terms which leads to possible lightest supersymmetric particle (LSP) decay in both of the examples. The second representative flat direction also has B-violating terms (with implications for proton decay),
Kähler potential, and the corrections to the Kähler potential due to the large VEV's. In the following we will not include such effects and assume a minimal Kähler potential.
as well as couplings which yield textures in the quark and lepton sectors.
The purpose of this paper is to take the phenomenological analysis of these models to the next stage: to determine the low energy implications of these string vacua for the gauge symmetry breaking patterns and the analysis of the low energy mass spectra. Specifically, we investigate in detail the nature of the electroweak and U(1)
′ gauge symmetry breaking patterns and the accompanying mass spectrum. Again, we choose to carry out this analysis for these two representative flat directions.
Such an analysis can only be performed after supersymmetry breaking has been incorporated. Since the origin of the supersymmetry breaking in string theory is not well understood, no quantitative, phenomenologically viable derivation of a supersmmetry breaking pattern is available. Thus we take a modest approach and parameterize the supersymmetry breaking by introducing soft supersymmetry breaking mass terms at the string scale. We can then proceed with the study of the renormalization group evolution of all the parameters in the observable sector and the study of their implications for the low-energy physics.
Although the mass spectrum and the effective trilinear superpotential for the representative flat directions of the CHL5 model are not realistic due to the additional massless exotics and the nature of the effective trilinear couplings (for details see [3] ), we choose to focus on the light fields which participate in the gauge symmetry breaking, with the goal of obtaining scenarios with a realistic Z − Z ′ hierarchy. As shown in [14] , in this class of models the breaking scale of the U(1)
′ can be either at the electroweak (TeV) scale, or at an intermediate scale, depending on the U(1)
′ charges and trilinear couplings of the massless SM singlet fields. In the first representative flat direction, the massless particle content at the string scale does not allow for the intermediate scale U (1) ′ breaking scenario, and hence the breaking is at the electroweak scale. However, both scenarios are possible for the second representative flat direction.
In this paper, we demonstrate these symmetry breaking scenarios explicitly for each of the two representative flat directions. Numerical results are presented for specific (typical) choices of the soft supersymmetry breaking terms at the string scale, which in turn yield a realistic Z − Z ′ hierarchy. We calculate the low energy spectrum explicitly with the emphasis on the study of the Higgs mass spectrum and contrast its features with those of both the MSSM, and the "bottom-up" analysis of the string models with an additional U(1) ′ studied in [15, 18] . (For the first flat direction the complete mass spectrum, including that of the supersymmetric partners, is presented. For the second flat direction we specifically address the texture in the (bottom) quark sector.) Due to the fact that the number of Higgs fields participating in the symmetry breaking pattern is larger than that assumed in [15] , the presence of some (but not all possible) non-canonical µ terms implies additional massless charginos, neutralinos, and Higgs bosons as well as new patterns in the massive Higgs spectrum.
The paper is structured as follows. In Section II, we summarize the features of the CHL5 model and define the two specific flat directions. In Section III, we present the mass spectrum and the effective trilinear superpotential couplings for the first flat direction of the CHL5 model. We demonstrate the possibility of realistic electroweak symmetry breaking scenarios of the SM gauge group along with the additional U(1)
′ .
In Section IV we demonstrate the U(1) ′ symmetry breaking scenarios at both the electroweak and intermediate scales for the second representative flat direction. Finally, in Section V we present the summary and conclusions.
II. PRELIMINARIES
The starting point of the analysis is the effective theory along the two representative flat directions of the CHL5 model [9] . In previous work, we have presented techniques for classifying the flat directions [1] and demonstrated the calculation of the effective couplings along these "restabilized vacua" of the model [3] . For the sake of completeness, we summarize the method and the results here, and refer the reader to [1, 3] for the details.
A. Method
In the class of quasi-realistic string models considered, there is an anomalous U(1) generically present as part of the gauge structure, for which the anomalies are cancelled by the four-dimensional version of the Green Schwarz mechanism. This standard anomaly cancellation mechanism leads to the generation of a nonzero Fayet-Iliopoulos (FI) contribution ξ to the D term of U(1) A , with
in which g string is related to the gauge coupling g by the relation g string = g/ √ 2 [20] (g is normalized according to the standard (GUT) conventions, i.e., TrT a T b = δ ab /2 for the generators of the fundamental representation of SU(N)) and M P = M P l / √ 8π is the reduced Planck mass, with M P l ∼ 1.2 × 10
19 GeV. This term would appear to break supersymmetry in the original string vacuum. However, it triggers certain scalar fields to acquire VEV's of O(M String ) along D and F flat directions, leading to a supersymmetric "restabilized" string vacuum.
Therefore, the classification of the flat directions is the necessary first step in the analysis of the string model. In [1] , we presented techniques to classify a subset of D flat directions which can be proven to be F flat to all orders in the superpotential. For the sake of simplicity and to preserve the SM gauge group at the string scale, we chose to analyze flat directions formed from non-Abelian singlet fields with zero hypercharge. In general, the FI term sets the scale of the VEV's in the flat direction, although in some cases some of the VEV's are undetermined (but bounded from above).
The next stage of the analysis is to determine the effective theory along such flat directions [3] . In general, the rank of the gauge group will be reduced (i.e., several U(1)'s will be broken). Effective couplings can be generated from higher-dimensional operators in the superpotential after replacing the fields in the flat direction by their VEV's. In particular, for a given flat direction P , effective mass terms for the fields Ψ i , Ψ j (Ψ i,j / ∈ {Φ k ∈ P }) may be generated via
In addition to these mass terms arising from F terms, the fields in the flat direction with VEV's set by the FI term will acquire masses from D terms via the superHiggs mechanism.
The fields with such effective mass terms will acquire string-scale masses and decouple from the theory. In addition to the trilinear couplings of the original superpotential, effective renormalizable interactions for the light fields may also be generated via
The existence of such terms was determined first by identifying the gauge invariant effective bilinear and trilinear terms, then subsequently verifying that such gauge invariant terms survive the string selection rules. The coupling strengths of the effective trilinear terms generated in this way will generally be suppressed compared to the large Yukawa couplings of the original superpotential, which have coupling strengths O(g) (with the typical value given by √ 2g string = g ∼ 0.8 for the models considered, as is discussed in section III). In general, the coefficients of the superpotential terms of order K + 3 are given by
where C K is a coefficient of O(1) which includes different renormalization factors in the operator product expansion (OPE) of the string vertex operators (including the target space gauge group Clebsch-Gordan coefficients), and I K is a world-sheet integral. I 1,2 for certain typical couplings, have been computed numerically by several authors, with the typical result I 1 ∼ 70, I 2 ∼ 400 [21] . The coupling strengths of the effective trilinear terms depend on these coefficients and the values of the VEV's involved, which are set by the (model-dependent) FI term. In this way, these couplings can naturally provide a hierarchy, with implications for generating fermion textures in the quark and lepton sectors.
B. Results: Model CHL5
The model we have chosen as a prototype model to analyze is Model 5 of [9] . Prior to vacuum restabilization, the model has the gauge group
and a particle content that includes the following chiral superfields in addition to the MSSM fields: 
where the representation under (SU(3) C , SU(2) L , SU(4) 2 , SU(2) 2 ) is indicated. We refer the reader to [9, 1, 3] for the complete list of fields with their U(1) charges. The SM hypercharge is determined as a linear combination of the six non-anomalous U(1)'s, subject to the conditions that the MSSM fields have the appropriate quantum numbers, and that the remaining fields can be grouped into mirror pairs under U(1) Y (in the attempt to avoid the presence of strictly massless colored or charged fermion fields in the theory). In this model, these criteria lead to a unique definition of U(1) Y [9, 3] , with Kač-Moody level k Y = 11 3 (to be compared with the MSSM value of k Y =
3
). We presented a complete list of the D flat directions which can be proven to be F flat to all orders in the superpotential in [1] , and written more explicitly in Table II in [3] . In [3] , we analyzed the P 1 P 2 P 3 subset of the flat directions, which includes the two representative directions P The VEV's of the fields in the most general P 1 P 2 P 3 flat direction are of the form
with
and |ψ 1,2 | are free VEV's of the moduli space, subject to the restrictions that
The first representative flat direction P
has VEV's given by the general case (7), with no further restrictions on |ψ 1,2 |. However, the second representative flat direction P 2 P 3 | F corresponds to the case in which constraints must be imposed on the free VEV's in such a way that the contributions from different F terms cancel and |ϕ 28 (29) | 2 = 0; these constraints are x 2 = |ψ 1 | 2 = 2|ψ 2 | 2 , and π phase difference between the combination of VEV's ϕ 4 (5) ϕ 10 (11) and ϕ 2 (3) ϕ 12 (13) [1] .
For each of these flat directions, we computed the effective mass terms and determined the mass eigenstates in [3] . In addition to the fields which become massive from these couplings, it can be shown that of the fields in each flat direction, five of the associated chiral superfields become massive due to the superHiggs mechanism. In the P
flat direction, two of the chiral superfields remain massless (moduli), but they do not couple to the rest of the fields at the level of the effective trilinear terms. In the P 2 P 3 | F flat direction, the remaining complex field gets a mass of order [Yukawa] × [field VEV] due to cancellations of F term contributions and forms, along with its superpartner, a massive chiral superfield. In this case, the fields with zero VEV's which couple linearly in these terms also acquire masses of the same order.
The effective trilinear couplings along each of the representative flat directions were also determined in [3] . In this model, the numerical analysis (see also [11] ) of the string amplitudes yields, along with the x as the typical VEV of the fields along the flat direction, the effective Yukawa coupling at the fourth order ∼ 0.8, while the fifth order terms have strengths ∼ 0.1 (using the typical values of I 1 ∼ 70 and I 2 ∼ 400 [21] .) Therefore, in this model the effective trilinear couplings arising from fourth order terms are competitive in strength to the elementary trilinear terms, while the higher order contributions are indeed suppressed [11] . Of course, the precise values for each term will depend on the particular fields involved. In addition, the coupling strengths can depend on the undetermined VEV's in the P
direction involves the set of fields {ϕ 2 , ϕ 5 , ϕ 10 , ϕ 13 , ϕ 27 , ϕ 29 , ϕ 30 }. The VEV's correspond to the most general case given in (7), such that they depend on two free (but bounded) parameters.
It is straightforward to determine the mass eigenstates, which were calculated in [3] . In Table II we list the surviving massless states. These states include both the usual MSSM states and related exotic (non-chiral under SU(2) L ) states, such as a fourth (SU(2) L singlet) down-type quark, extra fields with the same quantum numbers as the lepton singlet superfields, and extra Higgs doublets. There are other massless states with exotic quantum numbers (including fractional electric charge), and states which are non-Abelian representations under both the hidden and observable sector gauge groups and thus directly mix the two sectors. As previously discussed, there are two additional massless states (moduli) associated with fields which appear in the flat direction but which do not have fixed VEV's (but do not couple to other fields at the level of an effective trilinear term) and are not listed in Table II. The effective trilinear couplings involving the observable sector fields assume the form [3] :
in which
are free parameters and ϕ can play the role of additional Higgs fields.h a has the quantum numbers of a Higgs doublet, but does not enter W 3 , and hence there is no mechanism for it to develop a VEV.
B. Symmetry Breaking Patterns
To address the gauge symmetry breaking scenarios for this model, we introduce soft supersymmetry breaking mass parameters , and run the RGE's from the string scale to the electroweak scale. While the qualitative features of the analysis are independent of the details of the soft breaking, we choose to illustrate the analysis with a specific example with a realistic Z − Z ′ hierarchy. We wish to investigate the U (1) ′ symmetry breaking scenarios discussed in [14, 15, 18, 16] , which indicate that in the class of string models considered, the U (1) ′ symmetry breaking is either at the electroweak (TeV) scale, or at an intermediate scale (if the symmetry breaking takes place along a D flat direction). An inspection of the massless spectrum in Table  Ic indicates that the singlet field ϕ 25 is required for a D flat direction (and hence the intermediate scale U (1) ′ symmetry breaking scenario); however, this field acquires a stringscale mass for this direction, and decouples from the theory. We conclude that in this case, an intermediate scale breaking scenario is not possible, and hence the breaking of the U (1) ′ is necessarily at the electroweak scale.
Though hidden sector non-abelian fields are not directly or indirectly coupled to the observable sector non-abelian fields at the trilinear order in the superpotential, the U(1) ′ could be radiatively broken along with some of the hidden non-Abelian groups, and in such cases the breaking of the hidden sector is connected with the SU(2) × U(1) Y symmetry breaking in the observable sector through U(1)
′ . As discussed in [14, 15, 18] , several scenarios exist which can lead to the possibility of a realistic Z − Z ′ hierarchy. The scenario in which only the two MSSM Higgs fields h c ,h c acquire VEV's breaks both U(1) Y and U (1) ′ , but leads to a light
, which is already excluded by experiments.
To have a realistic Z − Z ′ hierarchy, we require that a SM singlet field that is charged under the U (1) ′ acquires a VEV. However, since the canonical µ term that couples both h c andh c to a SM singlet is absent, and instead there is a non-canonical µ termh c h 
in which Γ s is the coefficient for the couplingh c h
, and
The U(1) ′ charges of {h c ,h c , h ′ b , s} are denoted by Q 1 , Q 2 , Q 3 , and Q s , respectively. We can take AΓ s real and positive without loss of generality by an appropriate choice of the global phases of the fields. By a suitable gauge rotation we also take h 0 c and s real and positive, which implies that h ′ 0 b is real and positive at the minimum. However, the phase of the h c field is not determined, due to the absence of an effective µ term involving h c in (11) . This additional global U(1) symmetry leads to the presence of a Goldstone boson in the massless spectrum, as discussed below. For notational simplicity, we define
where
with mass eigenvalues
The Z − Z ′ mixing angle α Z−Z ′ is given by
which is constrained to be less than a few times 10 −3 . The only possibility [3] for a realistic hierarchy is for the symmetry breaking to be characterized by a large (O(TeV)) value for the SM singlet VEV s, with the SU(2) L ×U(1) Y breaking at a lower scale due to accidental cancellations.
We now proceed with the analysis of the renormalization group equations.
(i) Running of the Gauge Couplings:
As discussed in [3] , we determine the gauge coupling constant g = 0.80 at the string scale by assuming α s = 0.12 (experimental value) at the electroweak scale, and evolving g 3 to the string scale. We find that g = 0.80 is slightly higher than that of the MSSM, due to the presence of one additional vectorlike exotic quark pair. The electroweak scale values of the other gauge couplings are determined by their (1-loop) RGE's, taking g = 0.8 at the string scale as an input. The running of the gauge couplings is presented in Figure 1 , and the β functions are listed in Table III , including the Kač-Moody levels for the U(1) gauge factors (k Y = 11/3, k ′ = 16.67) and k = 2 for the hidden sector non-Abelian groups. The low energy values of the gauge couplings are not correct due to the exotic matter and non-standard k Y . Surprisingly, sin 2 θ W ∼ 0.16 is not too different from the experimental value 0.23, and g 2 = 0.48 is to be compared to the experimental value 0.65. As a result of a large number of massless non-Abelian fields in the hidden sector, the hidden sector gauge couplings are not asymptotically free. Therefore, dynamical supersymmetry breaking due to strong coupling dynamics in the hidden sector is not possible in this model.
(ii) Running of the Yukawa Couplings:
The values of the Yukawa couplings at the string scale after vacuum restabilization are indicated in (9) . There are two free parameters λ 1 and λ 2 satisfying the constraints (10) . To minimize the effects of the lepton number violating effective Yukawa coupling Q c d c d h a , we choose λ 1 = 0.9 at the string scale. The dependence of λ 2 is all from higher order effective terms, which are numerically supressed and less important. For the sake of definiteness, we take λ 2 = 0.4. As discussed in section II, we choose the typical values for I 1,2 such that
∼ 0.1, and an estimation for I 3 such that Table IV . In Fig. 2 we present the evolution of the Yukawa couplings with the scale. We denote the Yukawa couplings of the quark doublets by Γ Qi , the couplings of the lepton doublets by Γ li , the coupling of the two Higgs doublets and the singlet by Γ s (the numbering follows the order of the terms in (9)). Additional Yukawa couplings of non-abelian singlet fields to hidden sector fields, not displayed in (9) , are listed in eqn. (20) of [3] . Their effects are included in the calculation of the running Yukawas and soft parameters.
The low energy values of the Yukawa couplings can be read off from Table IV We choose to normalize the soft breaking scale by ensuring the correct value of M Z (before mixing with Z ′ ), rather than using v or M W ; since in this modle the gauge couplings g 2 and g 1 at M Z have values different from their experimentally observed ones, it implies that v and M W will also differ from their experimentally measured values. With the (incorrect) values g 2 (M Z ) ∼ 0.48, g 1 (M Z ) ∼ 0.41 for this model, v ∼ 348 GeV and M W ∼ 82.8 GeV (to be compared with the experimental values 246 GeV and 80.3 GeV, respectively).
We find that with universal boundary conditions for the soft supersymmetry breaking mass terms at the string scale, the realistic scenario described above cannot be achieved. In particular, the mass-square of the appropriate singlet field ϕ ′ 20 does not run to negative values, so ϕ 20 ′ does not acquire a VEV. However, for mild tuning of the boundary conditions it is possible to obtain scenarios in which the Z ′ mass is large enough and the mixing angle sufficiently suppressed to satisfy phenomenological bounds.
We present the initial conditions and low energy values for the soft breaking parameters for an example of such a scenario in Table IV , with M Z ′ = 735 GeV, and θ Z−Z ′ = 0.005. The running scalar mass-squares corresponding to these initial conditions and to the gauge and Yukawa couplings in Figure 1 and Figure 2 are displayed in Figure 3 .
We see that the mass-squares of h c and ϕ 
C. Mass Spectrum
We now address the mass spectrum of the model associated with this particular lowenergy solution. The large singlet VEV scenario was explored for models with two Higgs doublets and a singlet connected by a canonical µ term in [15] . In the present model, there are three Higgs doublets and one singlet involved in the symmetry breaking, and one of the doublets (h c ) does not have trilinear couplings to the singlet, so that it enters the potential only through D terms. We find that while the pattern of the masses obtained generally follows the pattern obtained in [15] , there are additional features in the mass spectrum of the charginos, neutralinos, and Higgs scalars. The ratio m b /m τ is larger than in the usual b − τ unification because of the ratio 1 : 1/ √ 2 of the Yukawa couplings at the string scale, and is probably inconsistent with experiment [22] . Of course, the high value for m µ is unphysical.
There is no mechanism to generate significant u, d, c, s, and e − masses for this direction.
(2) Squarks/Sleptons:
The squark and slepton masses take the values mt L = 2540 GeV, mt R = 2900 GeV; mb L = 2600 GeV, mb R = 2780 GeV; mτ L = 2760 GeV, mτ R = 3650 GeV; mμ L = 2790 GeV, mμ R = 3670 GeV. The large values are needed to ensure a large M Z ′ in this model. The numerical values actually refer to the mass eigenstates, which are mixtures of the L and R states. However, the L − R mixing terms are small compared to the diagonal terms for this example, so the mixing effects are small. The other squark and slepton masses depend on initial values for the soft supersymmetry breaking mass parameters that approximately decouple from the symmetry breaking pattern, and are not presented. 
There is one massless chargino, and the other two are massive, with masses mχ± 1 = 591 GeV, and mχ± 2 = 826 GeV. The massless state involvesh a (and a linear combination of the negative states), and is due to the absence ofh a couplings in the superpotential. In particular, there is no noncanonical µ termh a h c ϕ in this flat direction; the only gauge-allowed term of this type (h a h c ϕ 25 ) was in fact in the original trilinear superpotential, but ϕ 25 has acquired a stringscale mass and decoupled from the low-energy theory. Therefore, there is no mechanism for In this basis (neglectinḡ h 0 a , which has no couplings), the neutralino mass matrix is given by
The mass eigenvalues are: m In addition to the massless quarks, leptons, chargino, and neutralino discussed above, there are a number of exotic states, including the SU(2) L singlet down-type quark, four SU(2) L singlets with unit charge (the e and extra e c states), and a number of SM singlet (ϕ) states. There are additional exotics associated with the hidden sector. The scalar components of these exotics are expected to acquire TeV-scale masses by soft supersymmetry breaking. However, there is no mechanism for this direction to give the fermions a significant mass. In particular, fermion masses associated with higher-dimensional operators would be suppressed by powers of the ratio of the TeV scale to the string scale, and are therefore negligible. (Such operators could be a viable mechanism for other flat directions that allow an intermediate scale, however.) Another possible mechanism would be to invoke a nonminimal Kähler potential. However, that is beyond the scope of the present analysis. The non-minimal Higgs sector of three complex doublets and one complex singlet required for this scenario leads to additional Higgs bosons compared to the MSSM. In this scenario, four of the fourteen degrees of freedom are eaten to become the longitudinal components of the W ± , Z, and Z ′ ; in addition, there is a global U(1) symmetry present in (11) associated with the phase of h c which is broken, leading to a massless Goldstone boson in the spectrum. It would acquire a small mass at loop level due to couplings in the full theory which do not respect the global U(1).
The spectrum of the physical Higgs bosons after symmetry breaking consists of two pairs of charged Higgs bosons H 
, the CP odd (tree-level) mass matrix is given by
There are one massive and three massless eigenstates. Two of the massless eigenstates are the Goldstone bosons which are absorbed to become the longitudinal components of the Z and the Z ′ . The third massless state is the Goldstone boson corresponding to the breakdown of the global U(1) symmetry present in (11), due to the absence of trilinear couplings involving h c . The physical CP odd Higgs has
which takes the value m A 0 = 1650 GeV in this particular case. The mass matrix of the charged Higgses in the basis {h
There is one massless state, which is the Goldstone boson absorbed by W ± after the SU(2) symmetry is spontaneously broken; the two physical charged Higgses are m H 
with κ (1) symmetry is broken when h c acquires a non-zero VEV, and the mass of the scalar Higgs associated with this direction is mainly determined by the U(1) breaking scale. This scale is therefore comparable to the electroweak scale, which indicates that in the decoupling limit not only one but two Higgs scalars will be light. In this particular example, the VEV of h c happens to be small compared with that of the other two Higgs doublets, and hence the lightest Higgs is mainly associated with h c . Thus, the lightest Higgs mass satisfies the (tree-level) bound
obtained from analyzing the potential in the field direction that breaks the global U(1) symmetry (i.e., the field direction h c ) [23] . In the large s limit, the mass saturates this bound. It is also possible to place a bound on the second-lightest neutral Higgs scalar [23] 
A suitable rotation in field space demonstrates that the second-lightest Higgs (h The fields involved in the P 2 P 3 | F direction are {ϕ 2 , ϕ 4 , ϕ 10 , ϕ 12 , ϕ 27 , ϕ 30 }, with VEV's
where x = 0.013M P l , and ϕ 10 and ϕ 4 have opposite signs. The massless states are presented in Table V . The effective trilinear couplings for the observable sector states are given by
The superpotential (31) displays the same unrealistic t − b and τ − µ unification, absence of the canonical effective µ term (though non-canonical µ terms are present), and L-violating couplings as in the previous case.
However, there are new features (see [3] for a detailed discussion). In particular, there are B-number violating couplings in the superpotential, with implications for possible proton decay processes and N −N-oscillations. There is also a texture in the down-quark sector, with a possibly realistic m s /m b ratio due to the contribution of the original fifth order operators, and potentially realistic values of the 1 − 3 and 2 − 3 elements of the CKM matrix.
An inspection of Table V shows that there are, in fact, a larger number of massless states in the observable sector than in the P In addition, ϕ 25 remains massless at the string scale in this model. Therefore, there is a possibility that the U (1) ′ breaking may occur along a D flat direction, and hence takes place at an intermediate scale. This scenario requires that the mass-square of the field relevant along the flat direction is driven negative at a scale much higher than the electroweak scale. We investigate this possibility in Section IV.C, and show that it is possible with mild tuning of the soft supersymmetry breaking parameters at the string scale. On the other hand, if this condition is not satisfied, the U(1) ′ symmetry breaking is naturally at the electroweak scale, coupled to the breaking of SU(2) L ×U(1) Y ; we examine this possibility in the following subsection.
As in the previous model, we adopt the strategy that the initial boundary conditions for the hidden sector fields are adjusted to keep their mass-squares positive at the observable sector symmetry breaking scale. (In this case, the hidden sector is more involved since the singlet field ϕ 21 couples both to the hidden sector fields and the Higgs doublets (eqn.(27) in [3] ).)
B. Electroweak Scale Symmetry Breaking
To highlight the unique features of the P 2 P 3 | F case as compared with the previous example, we choose to study scenarios which allow for the maximum amount of texture in the quark sector; i.e., scenarios in which the Higgs doubletsh c , h c , h g and h b , as well as the singlet fields ϕ 20 and ϕ 21 , all aquire non-zero VEV's 4 . We again restrict ourselves to scenarios which lead to experimentally allowed Z ′ masses and Z − Z ′ mixing angles. With these assumptions, an inspection of the resulting scalar potential reveals that not all of the phases of the fields which acquire VEV's can be eliminated by suitable rotations. By redefining the phases of the fields, the Yukawa coupling and the A-parameter associated with the couplingh c h b ϕ 20 can be taken to be real and positive. In the most general case, h 0 c and ϕ 20 can be chosen to be real and positive by SU(2) L × U(1) Y and U(1) ′ rotations, respectively. Similarly, h 0 c and ϕ 21 can be taken to be real and positive using global U(1) symmetries of the scalar potential. Therefore, there are in general three phases that will remain non-zero at the minimum of the potential: φ b , φ g and φ A 2 , which are the phases of h b , h g , and the A-parameter associated with the couplingh c h g ϕ 21 . We will take the A-parameter to be real and positive (i.e., we ignore possible explicit CP violation associated with the soft supersymmetry breaking). φ b and φ g may be non-zero at the minimum of the potential, leading to spontaneous CP -violation and the associated difficulties of cosmological domain walls. However, φ b and φ g vanish at the minimum for the particular numerical 4 It is also possible thath a ,h d , and the singlet fields ϕ 25 , ϕ 28 , and ϕ 29 acquire non-zero VEV's, due to the presence of the non-canonical effective µ terms involving these fields, if the singlet fields involved develop negative mass-squares at the electroweak scale. With the non-canonical µ termsh a h c ϕ 25 ,h d h b ϕ 28 andh d h g ϕ 29 taking active roles in the symmetry breaking, the massless charginos and neutralinos (associated with the Higgs doublets that do not have VEV's) as well as the massless CP odd Higgs scalars (associated with the Higgs doublets that do not have effective µ terms), can be eliminated. However, this implies that the minimum of the potential has a very complicated structure, which may result in a larger amount of fine-tuning. We do not investigate such complicated scenarios in this paper. example that we consider.
(i) Running of the Gauge Couplings and Yukawa Couplings:
We adopt the same strategy for the running of the gauge couplings as the previous model. The β functions for the gauge groups are presented in Table III . At the electroweak scale, one obtains g 1 = 0.40 (which includes the factor k Y = 11/3) and g 2 = 0.46 (k 2 = 1), yielding sin 2 θ W = 0.17. This model displays a rich set of Yukawa couplings for the observable sector. The initial values of the coupling constants are fixed by string calculations. In Figure 4 , we show the variation of the coupling constants with the scale.
In addition to the large Yukawa couplings ofh c and h c to the top and bottom quarks (which take the values Γ Q1 = 0.98 and Γ Q2 = 0.93 at the electroweak scale), the effective Yukawa couplings from the fifth order (which involve the other two quark families) have the non-trivial values Γ Q3 = Γ Q4 = 0.17 and Γ Q5 = Γ Q6 = 0.22. With the assumption that h g and h b have non-zero VEV's, these couplings naturally provide a hierarchy of the quark masses and mixings in the down-type quark sector.
The τ − µ unification is slightly broken, since Γ l1 = 0.34 and Γ l2 = 0.35 at the electroweak scale. The Yukawa couplings of the non-canonical µ terms are non-trivial as well, with the typical values of a few times 0.1 at low energy. Hence, these couplings can be actively involved in the symmetry breaking, as will be manifest in our numerical example.
(ii) Running of the Soft Mass Parameters:
The mass-squares of h g and h b tend to remain positive, as their couplings to quarks arise from fifth order terms in the original superpotential and are therefore suppressed. However, the couplingh c h g ϕ 21 may force h g to acquire a non-zero VEV. Similarly, h b may acquire a VEV due to theh c h b ϕ 20 coupling. There are then two distinct electroweak symmetry breaking patterns, one in which h b has a non-zero VEV (i.e., h b is naturally identified as a Higgs field), and one in which h b has zero VEV (h b could also be identified as a lepton doublet).
With universal soft mass-squared parameters at the string scale, the soft mass-squared parameters ofh c and h c are driven to negative values, while the mass-squares of all the other fields remain positive. This scenario results in a light Z ′ and large Z − Z ′ mixing angle at the electroweak scale, which is excluded by experiments. We therefore have to consider non-universal boundary conditions for a realistic solution, in which h g , h b , ϕ 20 , and ϕ 21 also acquire VEV's. As in the previous example, the effects of the Yukawa coupling involving hidden sector fields (eqn. (27) of [3] ) are included in the running Yukawas and soft parameters.
One numerical example we found involves a set of tuned initial conditions which do not deviate substantially from universality. In Table VI, = 0 due to the form of M, and the 1 − 3 element is too large by roughly an order of magnitude.
We do not present the Higgs, chargino, or neutralino spectra for this example, as they do not exhibit any qualitatively new features compared to the P
C. Intermediate Scale Symmetry Breaking
We now investigate the possibility that the U (1) ′ is broken at an intermediate scale, along a D flat direction. This is possible in this model because the field ϕ 25 , which has a U(1)
′ charge opposite in sign to the rest of the singlets (with nonzero U(1) ′ charges), remains massless at the string scale. The viability of this scenario requires that the D flat direction is also F flat at the trilinear order [16] ; otherwise, the F terms lead to quartic couplings in the scalar potential which force the VEV's to be at the electroweak scale 5 . In addition, we require the absence of renormalizable couplings of the fields in the D flat direction to the Higgs doublet (h c ) which couples to the top quark, so that there is top quark Yukawa coupling in the low energy theory.
With these criteria in mind, an inspection of Table V must be driven negative at a scale higher than the electroweak scale. With non-universal boundary conditions, the mass-square of ϕ 25 can be driven negative, while keeping the mass-squares of ϕ 20 and ϕ 21 positive. The mass-squares of ϕ 18, 19, 22 do not run, due to the absence of Yukawa couplings involving these fields. Therefore, we can choose initial values of these mass-squares such that m In the intermediate scale symmetry breaking scenario [16] , the potential can be stabilized by radiative corrections, or by nonrenormalizable self-couplings of the singlet fields in the flat direction; i.e., terms of the form (ϕ 25 ϕ 18/19/22 ) n /M 2n−3 . Such nonrenormalizable selfcouplings have a number of sources. For example, they can be present in the original superpotential or induced by vacuum restabilization from higher-dimensional operators. In addition, these terms can arise from the decoupling of the heavy fields [12] , as well as from a nonminimal Kähler potential (either from the original couplings from the effective string theory or could be induced either after vacuum restabilization or due to decoupling effects).
Within our assumption of a minimal Kähler potential, we have checked to determine if these nonrenormalizable self-couplings are in fact present and found that these couplings do not survive the string selection rules [3] . To determine if such terms can be induced at the leading order in the superpotential from decoupling [12] , it is necessary to check that there are no trilinear terms in the effective superpotential that involve two powers of the fields in the intermediate scale flat direction and one power of a heavy field. In this case, gauge invariance restricts these terms to be of the type ϕ 25 ϕ 18/19/22 ϕ, in which ϕ is a heavy gauge singlet under U(1) Y and U (1) ′ (ϕ can be one of the fields in the P 2 P 3 | F flat direction). We find that in this example there are no such terms. Therefore, the symmetry breaking is purely radiative in origin, and the VEV's are very close to the scale µ RAD . The next step is to investigate the electroweak symmetry breaking after the intermediate scale U (1) ′ breaking. The electroweak symmetry breaking has different features than in the previous case. For example, the field h c , which played an important role in the electroweak symmetry breaking due to its Yukawa couplings to the bottom quark and the µ and τ leptons, acquires an intermediate scale mass and decouples from the theory, which seems to leave these MSSM fields massless. However, it may be possible that effective mass for the exotics and effective Yukawa couplings for the MSSM fields are generated from nonrenormalizable operators involving the fields in the intermediate scale [16] . Similarly, effective µ terms may be generated by NRO's. In principle, the determination of the complete set of such NRO's is a necessary first step in the analysis, since the renormalization group equations are affected when the fields with intermediate scale masses decouple. The determination of the complete set of such operators and the subsequent electroweak symmetry breaking patterns is beyond the scope of this paper (but is the subject of a future investigation).
V. CONCLUSIONS
This paper is the culmination of the program that sets out to derive the phenomenological implications of a class of quasi-realistic string models. We have determined the observable sector gauge symmetry breaking patterns and the mass spectrum for a class of representative string-scale flat directions of a prototype model by merging the top-down approach (employing the string results for the effective superpotential couplings) and the bottom-up approach (adding the soft supersymmetry breaking mass parameters by hand).
The set of top-down inputs builds on the results of our previous work: (i) the classification of the D flat directions of the model that cancel the anomalous D term and can be proven to be F flat to all orders [1] , and (ii) the determination of the effective theory along such flat directions. In particular, we have utilized the results of [3] , in which the complete mass spectrum and effective trilinear couplings of the observable sector were presented for two representative flat directions of Model 5 of [9] (CHL5), which leave an additional U (1) ′ as well as the SM gauge group unbroken. The first representative flat direction has a minimal number of couplings of the observable sector fields, while the second flat direction has a richer structure of couplings, with implications for fermion textures.
The mass spectrum and couplings of these effective theories are not realistic, as expected. We found that in general there are a number of superfields which remain massless at the string scale, and that while the scalars acquire masses from the soft supersymmetry breaking terms, within our assumptions there is no mechanism for some of the fermions to acquire masses. The gauge coupling unification is not realistic (although better than expected due to the amount of additional matter superfields and the higher Kač-Moody level in the model), and the hidden sector gauge groups are not asymptotically free, thus disallowing an implementation of dynamical supersymmetry breaking scenarios. In addition, the effective trilinear couplings have a number of nonstandard features which were examined in detail in [3] , such as the absence of a canonical effective µ term, presence of baryon and lepton number violating couplings, as well as (potentially realistic) hierarchies of fermion masses.
Since the purpose of this program is to explore the general features of this class of quasirealistic models systematically, and not to search for a specific, fully realistic model (an unlikely possibility), we continue the analysis by investigating the gauge symmetry breaking patterns and the low energy spectrum for the representative examples. However, this study requires the implementation of supersymmetry breaking, which we parameterize by soft supersymmetry breaking masses put in by hand at the string scale, due to the absence of a satisfactory scenario for supersymmetry breaking in string theory. This introduces free parameters in the effective theory, and thus the unique predictive power of a particular string vacuum is lost. In particular, the concrete results for the low energy spectrum depend on the initial conditions for the soft masses at the string scale.
We chose to analyze scenarios which lead to a realistic Z − Z ′ hierarchy; as argued on general grounds in [14, 15, 18] , the breaking scale of the U (1) ′ is at the electroweak scale, or at an intermediate scale (if the symmetry breaking occurs along a D flat direction). For each representative flat direction we determine the low energy spectrum explicitly for a typical choice of initial conditions that yield a realistic Z − Z ′ hierarchy. The emphasis was on the study of the Higgs sector, in order to contrast its features with that encountered in both the MSSM and string motivated models with an additional U(1) ′ [15, 18] . In the symmetry breaking scenarios for these two representative examples, the novel feature is that the number of Higgs fields that participate in the symmetry breaking is larger than that assumed in [15] (there are at least three Higgs doublets and one SM singlet participating in the symmetry breaking process). In addition, the presence of some and absence of other non-canonical µ terms implies new patterns in the low energy mass spectrum.
For the first representative flat direction, the symmetry breaking scale of the U(1) ′ is at the electroweak scale, because all of the U(1)
′ charged singlets that remain massless at the string scale have charges of the same sign. To obtain a realistic Z − Z ′ hierarchy, we found it is necessary to have a nonminimal Higgs sector, with three Higgs doublets and one singlet (which has a large VEV). This scenario can be obtained with mildly nonuniversal soft supersymmetry breaking mass parameters at the string scale. We present the complete mass spectrum, including that of the supersymmetric partners, for a typical choice of initial conditions. The resulting mass spectrum at the electroweak scale includes massless and ultralight charginos, neutralinos, and Higgs bosons, due to the absence of enough canonical or non-canonical effective µ terms. In particular, the absence of an effective µ term involving one of the Higgs doublets provides an additional global U(1) symmetry in the scalar potential that is spontaneously broken, resulting in a Goldstone boson present in the low energy spectrum. In addition, the mass of lightest neutral Higgs boson is controlled by the scale of the breakdown of this global symmetry, and thus obeys a different bound than the traditional bound in the MSSM.
For the second representative flat direction, the U(1) ′ breaking can be either at the electroweak scale or at an intermediate scale. Once again, the electroweak scale scenario requires an extended Higgs sector to obtain a Z ′ that is consistent with experiment. In addition, to study the fermion texture in the down-quark sector of this model, additional Higgs doublets are needed to acquire VEV's. In contrast to the previous model, there may be CP-violating phases in the Higgs sector of the model, though these are absent for the specific example considered. The electroweak scale symmetry breaking scenario is achievable with mildly nonuniversal boundary conditions. There is a fairly realistic d : s : b mass hierarchy, although the absolute scale is much too high. The corresponding CKM matrix has small mixings of the first two families with the third, but an unrealistic maximal mixing between the first and second generations.
The intermediate scale symmetry breaking scenario can be achieved with mild nonuniversality of the soft supersymmetry breaking mass parameters, at a range of intermediate scales. It is purely radiative in origin, because of the absence of the relevant nonrenormalizable terms (and trilinear terms involving the heavy fields) in the superpotential. We plan to address the electroweak symmetry breaking in this scenario after decoupling the heavy fields, which requires a detailed analysis of a class of nonrenormalizable operators, in a future paper.
Although the analysis of the low energy implications for the representative examples studied in the paper reveals a number of additional unacceptable phenomenological consequences, it nevertheless demonstrates new features of the gauge symmetry breaking patterns, in particular that associated with the Higgs sector of the theory. The type of non-minimal extensions of the Higgs sector and their specific couplings, which we encountered in the analysis of the specific string models should be of general interest in the phenomenological investigation of models beyond the MSSM, and thus deserves further study. 
